Neurons are highly polarized cells with distinct subcellular compartments, including dendritic arbors and an axon. The proper function of the nervous system relies not only on correct targeting of axons, but also on development of neuronal-class-specific geometry of dendritic arbors [1] [2] [3] [4] . To study the intercellular control of the shaping of dendritic trees in vivo, we searched for cell-surface proteins expressed by Drosophila dendritic arborization (da) neurons [5] [6] [7] . One of them was Neuroglian (Nrg), a member of the Ig superfamily [8]; Nrg and vertebrate L1-family molecules have been implicated in various aspects of neuronal wiring, such as axon guidance, axonal myelination, and synapse formation [9] [10] [11] [12] . A subset of the da neurons in nrg mutant embryos exhibited deformed dendritic arbors and abnormal axonal sprouting. Our functional analysis in a cell-type-selective manner strongly suggested that those da neurons employed Nrg to interact with the peripheral glia for suppressing axonal sprouting and for forming second-order dendritic branches. At least for the former role, Nrg functioned in concert with the intracellular adaptor protein Ankyrin (Ank) [13] . Thus, the neuron-glia interaction that is mediated by Nrg, together with Ank under some situations, contributes to axonal and dendritic morphogenesis.
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Results and Discussion
Distribution of Neuroglian Isoforms on Dendrites of da Neurons and on the Cell Surface of Nonneuronal Cells Dendritic arborization (da) neurons constitute a subfamily of multidendritic sensory neurons, and individual da neurons are identified on the basis of their location and morphology ( Figure 1A ) [6] . They are classified into classes I-IV in order of increasing territory size and arbor complexity, and class I neurons, including the dorsal da neuron E (ddaE), are characterized by their simple comblike dendritic trees ( Figure 1B ) [5] [6] [7] . During embryonic and larval development, da neurons grow two-dimensional dendrites underneath the epidermis, and their axons become encircled by peripheral glia that form a blood-nerve barrier ( Figure 1B and Figure S1A in the Supplemental Data available online) [14, 15] . In the 3rd-instar larva, the glia ensheathed not only the axon, but also its soma and proximal dendrite of ddaE (Figures S1B and S6A-S6A 00 ). Two splicing isoforms, Nrg167 and Nrg180, are generated from nrg ( Figure 1C ), and they are differentially expressed in the embryo [16] . In contrast to restriction of Nrg180 expression to the nervous system, Nrg167-GFP proteins in protein-trap line G305X were distributed both at intercellular septate junctions of the epidermis [17] and on dendrites (Figures S1E and S1F). G305X has one copy of the protein-trap vector inserted into an intron ( Figure 1D ) [18] . The level of Nrg180::GFP was substantially lower than that of Nrg167::GFP in G305X or that of endogenous Nrg180 in the wild-type ( Figure 1E ). We characterized a strong allele, nrg 2 , and a temperature-sensitive allele, nrg 3 , at the nucleotide level ( Figure 1C ) [11] and employed nrg 2 mostly in subsequent studies unless described otherwise.
Axonal Sprouting and Deformed Dendritic Arbors in nrg 2 Embryos We found that two of the class I da neurons, dorsal da neuron E (ddaE) and ddaD, showed penetrant phenotypes (Figures 2A-2D ; Figures S2A-S2C ). Both da neurons generated ectopic branches on their axons (blue arrows in Figures 2C and 2D and in Figure S2 ); 56% of ddaE and 14% of ddaD had ectopic branches at 19-20 hr after egg laying (AEL). Regarding our observation with the GFP marker in Figure 2 and Figure S2 , the axonal sprouting was restricted to the very proximal region where the ddaE axon did not form a fascicle with other axons. We also found that axons came out of abnormal cortical positions in the mutant neurons (see details in Figure 2 legend). The axonal sprouting was also found in clonal analysis, which showed that Nrg function was required in ddaE ( Figure S3 ).
In addition to the ectopic axonal sprouting, dendritic arbors of ddaD and ddaE were deformed in the mutant. In the normal development of those neurons, a number of lateral second-order branches sprout from the side of the first-order branches and undergo repeated cycles *Correspondence: tauemura@lif.kyoto-u.ac.jp of extension and retraction, until a subset has been stabilized and a characteristic ''comb-like'' arbor has been generated, which occurs approximately 19 hr AEL (brackets in Figures 2A and 2B ) [7] . The deformed phenotype could be detected at 18-19 hr AEL,-i.e., before a subset of second-order branches had been stabilized (brackets in Figures 2C and 2D )-and was characterized quantitatively (Figures S2E, S2F, and S4). Similar dendritic and axonal phenotypes of ddaD and ddaE were also detected in other allelic combinations, and it was difficult to assess whether dendritic patterns of other classes of da neurons were abnormal or not in nrg mutant embryos (see details in Figure S2 legend).
Ectopic Branches Showed Dendritic Characters with Respect to Molecular Markers
To characterize the nature of the ectopic branches, we examined the localizations of molecules Nod-bgal and Tau-bgal, which were distributed unevenly in the wildtype neurons ( Figure 2 and Figure S5 ). Nod is a member of the kinesin superfamily [19] ; tripartite fusion proteins, which consisted of the N-terminal half of Nod, the coiledcoil region of the kinesin heavy chain, and b-gal, were distributed at terminals of dendrites and in cell bodies, but hardly in axons, in wild-type da neurons and other sensory neurons ( Figures 2E-2G ) [20, 21] . In nrg 2 mutant 19-21-hr-AEL embryos, 49% 6 7% of tips of ectopic branches were positive for Nod-b-gal (33 out of 66 in 14 ddaEs; arrowheads in Figures 2H-2J ), whereas other axonal domains were totally negative. Distal segments of ectopic branches were devoid of Tau-bgal that was distributed in cell bodies, axons, and only the proximal segments of first-order dendrites of ddaE ( Figure S5 ). These results indicate that the ectopic branches, which sprouted from axons, showed dendritic characteristics. It should also be stressed that the mutant neurons displayed altered distributions of Nod-bgal and Tau-bgal on dendrites ( Figure S5 ; see details in its legend).
Rescue Experiments to Investigate which Cell-to-Cell Interaction Was Responsible for Shaping Axons and Dendrites
We rescued the embryos from their mutant phenotypes by expressing a nrg transgene in a couple of different spatial manners (Figure 3 ). Although transgene expression of HA-tagged Nrg167 in ddaE or in all da neurons recovered neither of the phenotypes, the ectopic branching was totally suppressed by its expression in both ddaE and glia ( Figures 3A and 3F ). This result supports the hypothesis that Nrg-mediated neuron-glia interaction is required for restricting axonal sprouting. In contrast to the rescue of the axonal phenotype to normal, total shapes of dendritic arbors of ddaE were still deformed ( Figure 3A) . Nevertheless, the neuronal and , multidendritic neurons other than da (white bowl-shape symbols), external sensory neurons (white ovals), and chordotonal neurons (white pen-shaped symbols) are illustrated (adapted from [5] [16] . Mutations of nrg 2 and nrg 3 are indicated. The epitope of the Nrg180-specific antibody BP104 is localized in an intracellular subregion (red bar) [16] . (D) Comparison of exon-intron structures of the wild-type (OregonR, OR) and the proteintrap line G305X. An EGFP-coding artificial exon (green box) was inserted into an intron in the G305X line [18] . TM indicates the transmembrane region. (E) Western-blot analysis of wild-type (OR) and homozygous G305X pupae. Red arrowheads point to weak signals, probably those of Nrg180::GFP proteins. The amount of proteins in each lane was equivalent to 0.5 pupae.
glial expression of Nrg167HA recovered dendritic arbors in terms of the number of second-order branches (Figures 3A and 3F ). This result also supports the aforementioned hypothesis, and it provides evidence that the Nrg-mediated neuron-glia interaction is required for control of dendritic branching.
Both the axonal and dendritic phenotypes were almost completely rescued to normal by broad expression of Nrg167HA under ubiquitin (ubi) gene promoter (Figure 3B) . Nrg167HA in the rescued animal was detected in many cell types, such as neurons and epidermis; and these profiles were quite similar to those of endogenous Nrg167 in the wild-type and of Nrg167::GFP in the protein-trap line (compare Figure 3C with Figure S1E ). We found that many dendritic terminals were located just underneath the epidermal intercellular boundaries (small arrowheads in Figures 3D and 3E) , and Z sections showed that Nrg167HA was distributed in the basolateral domain at the boundaries ( Figure 3E ). These results are suggestive of contacts between the terminals and the boundaries by way of Nrg167HA. The broad expression of Nrg167HA resulted in full rescue of not only the cellmorphological phenotypes, but also the lethality of nrg 2 . All these results suggest that Nrg167HA expression could complement the roles of both Nrg isoforms during development and are consistent with the full viability of G305X homozygotes that expressed Nrg180 at a very low level.
Ectopic Branches Were Formed Also by Reducing the Level of Ankyrin
To investigate the roles of Nrg-based intercellular interactions at the molecular level, we examined whether Ankyrin (Ank), which links Nrg to the spectrin-based membrane cytoskeleton, was also required for axonal and dendritic morphogenesis or not; we did so by knocking down nrg or ank expression selectively in ddaE or in both ddaE and glia (Figure 4) . The Drosophila genome has two ank genes, ank1 and the neuron-specific ank2 [22, 23] ; the Ank2 protein was distributed in axons and dendrites of da neurons ( Figure 4D 0 ). Immunostaining showed that expression of dsRNA specific for nrg and ank2 sequences in ddaE reduced the level of Nrg and that of Ank2 to 50.8% and 20.5%, respectively (compare Figure 4A 0 with 4B 0 , and Figure 4D 0 with 4E 0 ; see details in Supplemental Experimental Procedures). It should be noted that the Nrg distribution was altered in ank RNAi ddaE cells (Figure 4C  0 ) ; it appeared that Nrg was less abundant in dendrites or in axons and located more in the cell body in comparison to its distribution in control cells. ank
RNAi ddaE not only altered the Nrg distribution, but also formed ectopic branches on its axon ( Figures 4F and 4G) . Although the penetrance of the sprouting in nrg RNAi ddaE was not significant, nrg knockdown in both ddaE and glia resulted in a sprouting phenotype as penetrant as that of ank RNAi ddaE ( Figure 4G ).
The Sprouting Phenotype Did Not Appear to Be Solely Due to Failure of Glial Processes to Ensheath Axonal Roots of ddaE Visualization of both ddaE and the glial terminal in nrg RNAi (ddaE and glia) embryos showed that the ''naked'' proximal axonal region had sprouted ( Figures 4H  and 4I ). It was previously reported that glial processes wrap around bundles of motor and sensory axons and form homotypic septate junction in the embryos [14, 15] . Was the sprouting phenotype a direct consequence of defective wrapping of the axonal root of ddaE? We think that possibility is unlikely. When nrg was knocked down in glia, processes of nrg RNAi glia were terminated midway on axons to ddaE cell bodies, and axonal roots of ddaE were exposed in 25 out of 27 dorsal clusters examined ( Figure S6) ; however, we never found ectopic axonal sprouting. These results, together with our data of nrg mutant and rescue analysis, strengthen the hypothesis that Nrg-dependent neuron-glia interaction, rather than ensheathment of the axonal root by the glial process, is required to restrict abnormal branching on axons, and they suggest a contribution of the Nrg-Ank complex probably on both sides of the neuron-glial interface.
Conclusions
Phenotypes in a number of genetic backgrounds, celltype-selective rescue, and knockdown experiments indicated the requirement of the Nrg-Ank complex at the neuron-peripheral glia interface. One prominent phenotype was axonal sprouting at the ddaE root that had not been associated with a glial process; this ectopic branch displayed both morphological and molecular characteristics of dendrites. Nrg-mediated cell interactions may restrict distributions of molecules such as Nod-bgal and Tau-bgal. These findings present an interesting similarity to roles of glial membranes or AnkryinG and L1 family molecules at the node of Ranvier [24] . In the rat spinal cord, oligodendrocyte myelin glycoprotein (OMgp) is localized in oligodendroglia-like cells whose processes ensheath the node. OMgp null mice exhibit a defect in node-paranode domain segregation and show collateral sprouting at the node where the glial process was barely detected. AnkryinG and L1 family molecules are also known to play pivotal roles in demarcating subdomains at the node and the axon initial segment (AIS) in Purkinje cells [25] . In this study, penetrance of the sprouting was relatively low. This could be due to functional overlap between Nrg and other adhesive molecules, as shown in sensory axon guidance [10] . In addition to suppressing axonal sprouting, Nrg expression on both sides of the neuron-glia interface recovered formation of second-order dendritic branches. On the basis of all these results, we speculate that the axon-glia communication may contribute to suppression of ectopic sprouting from axons and to segregation of axon versus soma domains, which might be necessary to properly transport molecules that are necessary for higher-order branching in pre-existing dendritic arbors. It would be intriguing to visualize how the Nrg-mediated neuronglia interaction controls distributions of candidate components of branching machineries. Therefore, the ddaEglia interaction may provide a general model whereby we could investigate mechanisms of formation of neuronal subcellular compartments. 
